This article analyzes the data for the gravitational wave (GW) events observed in the Laser Interferometer GravitationalWave Observatory (LIGO) detectors, from the viewpoint of signal estimation, detection and interference mitigation. It is shown that the GW events are buried in detector noise and that the GW channel in the LIGO detector does in fact pick up strong 60*n Hz electromagnetic interference (EMI) from power lines. Removal of EMI is a challenging problem and this article analyzes various methods including parametric models to estimate the amplitude and frequency of each impulse. The possibility of EMI from terrestrial and nonterrestrial sources is considered and interference mitigation techniques are investigated.
INTRODUCTION
In the LIGO 1 detectors, the main gravitational wave (GW) channel has high 60*n Hz electromagnetic interference (EMI) and broadband EMI in the range 0 -2048 Hz. LIGO detector noise is non-stationary, non-gaussian and non-white, with high impulsive interference at 60*n Hz and other frequencies, as shown in Fig.1 , making the extraction of GW signals challenging. (Fig.1 and Fig.2 reproduced from LIGO's original python script [20] . New results are in modified scripts [23] .) LIGO data analysis extracts very weak GW signals buried in the detector noise by a factor of 400, as shown in Fig.2 . GW150914 is the strongest GW signal observed so far [1] . We can see that the maximum amplitude of the recovered template 2 (1.2 * 10 −21 ) shown in the lower panel, after LIGO whitening procedure(detailed in section 2) and filtered in 43-300Hz range, is 400 times lower than the maximum amplitude of the raw strain 3 in the upper panel (0.5 * 10 −18 ). The other 5 GW events observed so far, are very weak signals indistinguishable from detector noise, after LIGO whitening and filtering ( GW151226 [2] , GW170104 [3] , GW170608 [7] , GW170814 [4] and GW170817 [6] ). 1 The Laser Interferometer Gravitational-Wave Observatory 2 Template is the reference signal we hope to detect. 3 Raw strain contains detector noise and the short duration GW event (which may contain the template), in the detectors H1 (Hanford) and L1 (Livingston). The main challenge in LIGO data analysis involves recovery of the desired template which is buried in the detector noise by a factor of 400 and further the detector noise is nonstationary, non-gaussian and non-white with huge impulsive interference. It is shown in Section 2 that LIGO software removes impulsive interference by whitening the signal in frequency domain across all frequencies and this introduces amplitude and phase distortion in the received signal. Various interference mitigation techniques are proposed including parametric estimation methods. It is shown in Section 3 that even an undesired interference signal such as a fake template can cause high signal to noise ratio (SNR) in LIGO matched filter and hence the test for cross-correlation of H1 and L1 signals 4 is proposed for interference mitigation.
It is possible that an external EMI signal, such as lightning [22] , may be picked up at both sites H1 and L1 and may be mistaken for a GW signal, if it resembles 1 out of 250,000 GW templates. Lightning has low frequency components, in the 0-2048 Hz region of interest. EM signals also travel at the speed of light, like the GW signal, and can arrive within the 10 msec window at the two detectors. Given that the strongest GW event GW150914 is buried in the detector noise by a factor of 400 in the GW channel, if EMI is the source of the assumed GW events, they are also buried in the noise in the magnetometer channel. Hence the magnetometers may not show any excess power during assumed GW events and EMI could be mistaken for GW signals. This possibility is investigated in the Section 4 and various interference mitigation techniques are proposed.
INTERFERENCE MITIGATION FOR IMPULSIVE INTERFERENCE IN THE GW CHANNEL
LIGO detector noise spectrum has very high impulsive interference, which is picked up from 60*n Hz power line harmonics, suspension violin modes and calibration test tones [1] . The removal of this impulsive interference is called whitening. LIGO software whitens the H1 and L1 strains s(t) in the frequency domain, using
Sn(f ) , across all frequencies, as detailed in Eq.1-4 in [5] , where S n (f ) is the power spectral density of detector noise, and this introduces amplitude and phase distortion in the whitened strains. This is illustrated in the upper panel of Fig. 3 using the example of an ideal template in the presence of impulsive interference in the detector noise spectum.
A modified whitening procedure is proposed, where we whiten the strain, only around the vicinity of the impulsive interference in the frequency domain (for example 58-62 Hz, around 60Hz). We can see in the lower panel in Fig. 3 that this procedure works better than LIGO whitening procedure and lowers amplitude and phase distortion. Another method is proposed to use a parametric model to estimate the frequency and amplitude of each impulse using least squares fit method. We model the H1/L1 signal as s(t) = h(t) + w em (t) + n(t) where h(t) is the ideal template, n(t) is white gaussian noise and w em (t) = i=N i=1 A i cos(2πf i t) + B i sin(2πf i t) is the impulsive interference and A i , B i are the amplitudes and f i is the frequency of each impulse and we minimize the mean squared error between the H1/L1 signal and the model. This procedure applied to modeling 60 Hz impulse lowers amplitude and phase distortion (right panel in figure in [13] ) and will be explored further in future.
INTERFERENCE MITIGATION FOR FAKE TEMPLATES
It is shown that even an undesired interference signal such as a fake template can cause high SNR in LIGO matched filter, when correlated with the ideal template and hence the test for cross-correlation of H1 and L1 signals is proposed for interference mitigation. LIGO matched filter described in Eq.1-6 in [5] does cross-correlation of H1/L1 strain with the template reference signal in the frequency domain and declares a valid GW signal if re-weighted SNR is greater than 5. Let us consider the case where a noisy signal roughly resembling the template of GW150914 but distorted greatly by noise 5 , is observed at L1. The upper panel in Fig. 4 shows the ideal template of GW150914 and the fake template. The error between the fake template and the ideal template is significant (upper right panel in figure in [14] ). The middle panel in Fig. 4 shows re-weighted SNR obtained by correlating ideal template with fake template added to the detector noise. We can see that fake template shows SNR peaks comparable with SNR peaks observed for GW150914 (lower panels in figure  in [14] ).
Hence H1 vs L1 cross-correlation test is necessary to avoid wrong classification of fake templates as GW signals and we can see that the cross-correlation of fake templates at H1 vs L1 does not have clear peaks in the lower panel in Fig. 4 and this test is needed for fake template interference mitigation.
GW151226 and GW170104: H1 vs L1 cross-correlation
We can plot the normalized cross-correlation function (CCF) for GW151226 and GW170104 by correlating H1 with L1 (left panels in figure in [15] ) and correlating H1 detector noise 5 The template for GW150914 is represented by h(t). Fake template is given by h f (t) = h(t) + w(t) and w(t) is white gaussian noise.
with L1 detector noise (right panels in figure in [15] ). We can see that GW151226 and GW170104 show very poor CCF peaks when correlating H1 with L1, and we can see that CCF peaks are indistinguishable from CCF peaks corresponding to detector noise correlations. Hence, we cannot be sure whether detector noise or GW signal caused the CCF peaks. This problem can be addressed by reducing detector noise below the amplitude of the desired GW template either in hardware or with signal processing algorithms.
EXTERNAL EMI MITIGATION TECHNIQUES
Our Sun is known to emit EM signals down to 30 kHz [21] . External EMI like lightning and low frequency EMI from astrophysical objects can enter the GW channel by many paths.
There are at least two paths of EMI pickup in the GW channel. The magnetic coupling function for the first path has 50 times drop in the magnitude of the frequency response from 60 Hz to 180 Hz (lower panel in Page 13 in figure in [16] ). This first path has a coupling loss of 1000 in the GW channel relative to the magnetometer channel at 100 Hz [8] .
The second path shows 60*n Hz EMI picked up with flat frequency response from 60 Hz to 180 Hz with only a drop by a factor of 2 ( figure in [17] ). The coupling loss for the second path is unknown. It is clear that 60*n Hz EMI is picked up by a path which is different from the first path used in magnetic coupling calibration experiment.
This means that external EMI, such as lightning and EMI from astrophysical objects, also can be picked up by the same path which picked up 60*n Hz EM interference and have relatively flat frequency response. Lightning can enter the GW channel through electrical power points and wires [19] , in which case it could have flat frequency response and no coupling loss. It is important to rule out this EMI as the cause of observed GW events.
EMI buried in Non-white Detector Noise in GW channel versus White Noise in magnetometers
This simulation assumes that external EMI like lightning is picked up in the GW channel by wires or the same path of pickup as 60*n Hz EMI, with flat frequency response in 40-300 Hz range and without coupling loss.
Let us consider the case that the source of GW150914 is an EMI signal x(t) incident at the 2 sites H1 and L1 and is buried below the detector noise. It is picked up as x(t) = h(t) + w d (t) in the GW channel. In the magnetometer channel, it will be picked up as y(t) = h(t) + w m (t) where h(t) is the template 6 , w d (t) is the detector noise which is nonstationary, non-gaussian and non-white noise and w m (t) is the magnetometer noise due to thermal and broadband EM sources, which is approximately white noise, combined with 60*n Hz impulses (top plot in blue in figure in [18] has white noise and 60*n Hz impulses). The white noise in the magnetometer channel has the same noise power equivalent to the detector noise power in the GW channel, in the 43-300 Hz frequency range, where most of the template energy is concentrated.
We can see from the top panels in Fig.6 that magnetometer does not show excess power in time domain after whitening and filtering. The only way to rule out this EM interference as the source of the observed GW event is by computing crosscorrelation (CCF) of the received signal with the template in both the GW channel and the magnetometer channel. The two CCFs in the lower panels can look very different in Fig.5 and Fig.6 and the GW channel shows a peaky CCF, while magnetometer channel does not have a peaky CCF. The reason for the absence of CCF peaks in the magnetometer channel is due to the difference in the nature of the background noise in the GW channel and the magnetometer channel. In the GW channel, detector noise is non-stationary, non-gaussian and non-white noise and in the magnetometer channel, the background noise is approximately white noise.
We may not see any CCF peaks in the magnetometer channel and may mistake this EM interference, as a GW signal. Similar results are expected for the other 5 GW events, given that they are weaker than GW150914. 
Interference Mitigation Techniques for external EMI buried in noise
We can address this problem by reducing detector noise in the GW channel by hardware methods. We could also use signal processing methods such as adaptive noise cancellation by filtering the detector noise spectrum and spectrum of the magnetometer channel noise and limiting it to the spectrum of the identified template. We should make sure that the amplitude of the desired template is well above the standard deviation of the noise in the magnetometer channel, so we could rule out EMI as the cause of the observed GW event.
CONCLUDING REMARKS
The main challenge in LIGO data analysis involves recovery of the desired template which is buried in the detector noise by a factor of 400 and further the detector noise has high impulsive interference and two methods are discussed to remove this impulsive interference. It is shown that H1 vs L1 cross-correlation test is necessary to reject fake templates. It is shown that the GW channel has multiple paths for EMI pickup with varying frequency response and coupling loss. It is shown that EMI cannot be ruled out as a candidate for the observed GW events, for the case when EMI is picked up by a path without coupling loss and is buried in detector noise and hence interference mitigation techniques are discussed.
